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Abstract

Telomere maintenance is a defining requirement of malignant cells, which must counteract the
progressive telomere attrition that otherwise drives replicative senescence. Two principal telomere
maintenance mechanisms (TMM) have been characterized: the telomerase-dependent mechanism
(TEL), which reactivates the telomerase ribonucleoprotein to add telomeric repeats, and the alternative
lengthening of telomeres (ALT), a homologous-recombination-based, telomerase-independent
pathway. Historically, these were framed as a mutually exclusive, binary choice inferred largely from
canonical genetic lesions such as TERT promoter mutations and ATRX/DAXX loss. Drawing on
mechanistic and structural studies of both pathways, large tumor cohorts that co-measure both
mechanisms, and quantitative transcriptomic scoring, this review argues that tumor-level telomere
maintenance state is better described as a multidimensional, context-dependent property, varying in
the magnitude of each mechanism's activity, in the cellular composition of the tumor, and in temporal
stability, than as a binary telomerase-versus-ALT label. This review synthesizes the molecular biology
of telomere structure, the architecture and regulation of telomerase, and the recombination machinery
underlying ALT, and surveys the current state of the art in telomere-directed therapy. Because telomere
maintenance is dynamic rather than fixed, tumors capable of switching between or co-engaging
maintenance mechanisms may exhibit reduced sensitivity to therapies targeting a single pathway,
supporting TMM-stratified therapeutic assessment.

Keywords: telomeres, telomere maintenance mechanisms, TMM, telomerase, alternative lengthening
of telomeres, TMM-targeting therapies

1. Introduction

Telomeres are specialized nucleoprotein structures that cap the ends of linear eukaryotic
chromosomes and prevent chromosomal end-to-end fusions and inappropriate activation of the DNA-
damage response [1,2]. Because conventional DNA polymerases cannot fully replicate chromosome
termini, telomeres shorten with every division in most human somatic cells, and cells with critically
short telomeres enter replicative senescence or apoptosis [3-6].

To proliferate indefinitely, cancer cells must therefore reactivate a telomere maintenance
mechanism (TMM), which is now regarded as a hallmark of malignancy [7]. Two such mechanisms
have been characterized in detail: the telomerase-dependent mechanism (TEL), which reactivates the
telomerase ribonucleoprotein [8], and the alternative lengthening of telomeres (ALT), which elongates
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telomeres by homology-directed and break-induced replication using telomeric DNA of sister
chromatids, non-sister chromosomes, or extrachromosomal telomeric repeats as templates [9,10].

For much of the field's history, TEL and ALT were treated as mutually exclusive states, and a
tumor was assigned to one or the other largely on the basis of canonical genetic markers, telomerase
activity assays, or telomere-length heterogeneity. However, growing evidence challenges this strict
binary view.

In the first report of ALT in human tumors, ALT was assigned only to telomerase-negative
samples, yet three telomerase-positive tumors also had ALT-like telomeres, possibly reflecting
separate telomerase- and ALT-positive regions or co-existence of both mechanisms within the same
cells [11]. In the pan-cancer survey of 31 cancer types, 22% of tumors fell outside both canonical
mechanisms, neither expressing TERT nor carrying ATRX or DAXX alterations. A binary TEL-versus-
ALT classification therefore leaves a substantial fraction of tumors unassigned [12]. ALT-positive
immortalized human cell lines transfected with hTERT sustain telomerase activity alongside
recombination-based elongation, showing that the two mechanisms can operate within a single cell in
principle [13-15]. In human sarcomas, however, telomerase- and ALT-positive cells occur in the same
tumor as separate populations rather than within the same cell [16], so whether co-existence reflects
genuine co-engagement or an admixture of two populations remains open. TMM assignment also
changes between primary and recurrent tumors in a substantial minority of paired cases [17].

This review surveys the molecular foundations of both mechanisms, the assays through which
TMM status is determined and what each can and cannot resolve, the distribution of the two
mechanisms across tumor types, and the current state of telomere-directed therapy, and argues from
this literature for a graded, context-dependent continuum in place of a binary paradigm.

2. Literature Review and Analysis

Literature search strategy

The literature underlying this review was identified through a staged search of PubMed and
Scopus, combining the terms telomere maintenance mechanism, telomerase, hTERT, alternative
lengthening of telomeres, ALT, C-circle, ALT-associated PML body, and telomere-directed therapy.
A second stage targeted the evidence on which the central argument of this review rests. The terms
(“telomerase” OR “TEL” OR “hTERT”) AND (“alternative lengthening of telomeres” OR “ALT”)
were combined in turn with “coexistence”, “dual”, “mosaic”, “intratumor heterogeneity”, “switch” and
“plasticity”, together with searches for the assays used to establish TMM status (“TRAP assay”, “C-
circle”, “ALT-associated PML body”, “telomeric sister chromatid exchange”, “ATRX”, “DAXX”,
“telomere length heterogeneity”). Studies in which both mechanisms were measured in the same
samples were retained regardless of publication date, since such studies are comparatively few. A third
stage covered therapeutic targeting, searching the agent and target names identified in the preceding
stages (“imetelstat”, “BIBR1532”, “6-thio-2'-deoxyguanosine”, “G-quadruplex ligand”, “hTERT
vaccine”, “ATR inhibitor”, “FANCM”, “SMARCALI1”) in combination with “telomere” or
“telomerase”.

Reference lists of retrieved articles and of recent reviews were screened for additional sources.
Priority was given to primary studies, to cohorts in which both maintenance mechanisms were
measured in the same samples, and, for the mechanistic and therapeutic sections, to work published
within the last five years.

Telomere structure and function

The concept of telomeres originated in the late 1930s and 1940s, when Hermann Muller and
Barbara McClintock independently recognized that natural chromosome ends behave differently from
broken DNA. Muller inferred that chromosome termini are protected from the structural
rearrangements affecting broken ends, while McClintock showed that broken ends, unlike natural ones,
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fuse and initiate breakage-fusion-bridge cycles [18,19]. Muller later introduced the term telomere,
derived from the Greek words “telos” (end) and “meros” (part), to describe these protective
chromosome structures [20]. The end-replication problem, articulated independently by Watson and
by Olovnikov, explained why conventional DNA polymerases cannot fully copy linear chromosome
termini and predicted progressive telomere shortening with each division [21,22]. In the early 1980s,
Blackburn and Gall identified the tandem hexanucleotide repeats of telomeric DNA in Tetrahymena,
and Greider and Blackburn subsequently discovered the telomerase enzyme, providing the first
mechanistic solution to the end-replication problem [19,23].

Human telomeres consist of tandem 5'-TTAGGG-3' repeats spanning roughly 5-15 kb in somatic
cells and terminating in a 3' G-rich single-stranded overhang of about 50-500 nucleotides [24]. This
overhang invades the upstream double-stranded telomeric DNA to form a protective lariat, the T-loop,
displacing a strand to create the D-loop and masking the chromosome end from damage-sensing
machinery [25,26]. The shelterin complex assembles on telomeric DNA to stabilize the T-loop and to
repress inappropriate repair. It comprises six subunits: the double-strand-binding factors TRF1 and
TRF2, the single-strand-binding protein POT1, and the connectors TIN2, TPP1, and RAP1. TRF2
protects against inappropriate non-homologous end joining and ATM activation, whereas POT1 coats
the single-stranded overhang to repress RPA-dependent ATR signaling (Figure 1) [24,27]. Telomerase
recruitment to the 3’ end is governed by the TPP1 TEL-patch surface, which engages the enzyme,
while TIN2 tethers TPP1 to the double-stranded shelterin core. This recruitment function is separable
from end protection, which POT1 provides by coating the single-stranded overhang [28,29]. Overlaid
on this protein architecture, G-quadruplex structures formed by stacked guanine tetrads within the G-
rich strand impede replication and modulate telomerase access [30,31].

Telomeres
(TTAGGG caps)
RAP1 |TIN2
TPP1
TRF1 ] TRF2 i
Centromere ) G-quadruplex
double-stranded 3' single-stranded
(TTAGGG)n repeats overhang

. . duplex core: TRF1, TRF2, RAP1 ssDNA module: TIN2, TPP1, POT1

Sister chromatids

Figure 1. Organization of telomeric DNA and the shelterin complex.

Left: schematic of a replicated chromosome showing the centromere and the telomeric caps at the ends of both sister
chromatids. Right: enlarged view of a single chromosome end. Human telomeres consist of tandem double-stranded 5'-
TTAGGG-3' repeats terminating in a 3' G-rich single-stranded overhang. The six shelterin subunits are shown as two
functional modules. The duplex-binding core (green) comprises TRF1 and TRF2, which bind double-stranded repeats
directly, together with RAP1, which is recruited through its constitutive interaction with TRF2. The single-stranded module
(purple) comprises POT1, which coats the 3' overhang and represses RPA-dependent ATR signaling, and its partner TPP1.
The terminal G-rich strand is depicted folded into stacked G-quadruplexes (orange), which impede replication and
modulate telomerase access. Original figure created by the author.

More broadly, both telomerase- and recombination-mediated telomere maintenance occur within
the context of shelterin-coated chromosome ends, and shelterin regulates telomere accessibility for
both processes [32,33]. This shared structural context suggests that shelterin acts as a common
regulatory platform influencing telomere maintenance, rather than dedicating the telomere to a single
mechanism.
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Telomeres and their subtelomeric neighborhoods are enriched in repressive epigenetic marks and
associated factors, including H3K9me3, H4K20me3, HP1, and subtelomeric DNA methylation, which
contribute to telomere-length control and integrity [34]. Telomeres are also transcribed into the long
non-coding RNA TERRA, which forms telomeric R-loops and participates in both protective and
recombinogenic processes depending on context [35].

A further consequence of this chromatin environment is the telomere position effect (TPE), the
reversible, telomere-length-dependent silencing of subtelomeric genes through the spreading of
telomeric heterochromatin [36]. Telomeres can additionally modulate the expression of genes located
at considerable genomic distances from the chromosome terminus through long-range chromatin
looping, a phenomenon termed telomere position effect over long distances (TPE-OLD), which
couples telomere length to the transcriptional output of distal loci [36].

Telomere structure is therefore not a passive backdrop but an actively regulated state, whose
chromatin, secondary structure, and transcriptional features vary between cells and tumors [37].

The principal function of telomeres is to preserve genomic stability by distinguishing natural
chromosome ends from sites of DNA damage, thereby preventing fusions, recombination, and
degradation. By providing an expendable buffer of repetitive sequence, telomeres also protect coding
regions from the erosion imposed by the end-replication problem.

Telomere attrition tracks replicative lifespan and links telomere biology to organismal aging [38].
Deviations in either direction are pathogenic: critically short telomeres drive senescence and underlie
telomeropathies such as dyskeratosis congenita, whereas pathologically maintained or elongated
telomeres support the unlimited proliferation of cancer cells [39,40].

The telomerase-dependent mechanism (TEL)

Telomerase is a ribonucleoprotein reverse transcriptase whose catalytic core comprises the protein
subunit hTERT (encoded by TERT) and the RNA subunit hTR (encoded by TERC), the latter
templating the addition of TTAGGG repeats onto the 3’ chromosome end [41,42] (Figure 2). The
hTERT catalytic subunit is composed of four elements: the telomerase essential N-terminal (TEN)
domain, the telomerase RNA-binding domain (TRBD), the reverse transcriptase (RT) domain, and the
C-terminal extension. The ~451-nucleotide hTR serves as both template and assembly scaffold,
contributing the pseudoknot/template core, the catalytically essential CR4/5 domain, and the 3' H/ACA
scaRNA domain that includes the CR7 region [43].

Rather than functioning as a simple on/off switch, telomerase activity is determined quantitatively
at three successive levels: the abundance of assembled holoenzymes, the processivity with which the
enzyme extends telomeric DNA, and the transcriptional regulation that governs TERT expression.

Holoenzyme biogenesis is elaborate and, importantly, dosage-sensitive: the H/ACA proteins
dyskerin (DKC1), NOP10 and NHP2 assemble co-transcriptionally on the 3" H/ACA domain of hTR
to stabilize the forming RNA, with GARL1 joining during maturation and TCAB1/WRAP53 directing
the complex to Cajal bodies. PAPDS5 and PARN tune hTR 3’ maturation; PAPDS oligoadenylates the
3" end to target hTR for exosome-mediated degradation, and PARN trims these extensions to yield the
stable, mature RNA, thereby setting the steady-state pool of assembled enzyme (Figure 2) [44-46].

Because these steps determine how much functional holoenzyme a cell contains, they constitute
the first level at which telomerase output is quantitative rather than all-or-none. Inherited telomere
biology disorders illustrate the dosage sensitivity of this level: pathogenic variants affecting TERC or
DKC1 reduce the amount or stability of functional telomerase, resulting in progressive telomere
shortening whose severity broadly correlates with residual telomerase function [47,48]. Consistent
with this, hnTR/TERC is co-limiting with hTERT in several settings, including cancers with focal TERC
amplification, so that telomerase output reflects the abundance of both the catalytic (TERT) and RNA
(TERC) subunits rather than the mere presence of hTERT [49,50].
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Figure 2. Overview of telomerase-dependent telomere maintenance.

Left: a chromosome expanded into the telomeric duplex; the inset below shows the tandem repeat sequence, with the G-
rich strand (5-TTAGGG-3") paired to the complementary C-rich strand and the 3' G-overhang left unpaired. Center: the
shelterin complex (green): TRF1 and TRF2 bound to the duplex repeats, RAP1 associated with TRF2, TIN2 linking TRF1
and TRF2 to TPP1, and POT1 bound to the single-stranded overhang. Right: the telomerase holoenzyme (purple): the
catalytic reverse transcriptase hTERT, and the RNA subunit TERC/hTR (red), whose 3'-AAUCCC-5' template region base-
pairs with the 3' terminus of the G-overhang and directs the addition of TTAGGG repeats. The H/ACA-domain-associated
proteins dyskerin (DKC1), NOP10, NHP2 and GAR1 (orange), which assemble on hTR and are required for its stability
and for holoenzyme accumulation, are shown bound to the RNA. Original figure created by the author.

The past few years have advanced this picture from schematic to near-atomic resolution. Cryo-EM
structures of the human telomerase catalytic core, H/ACA lobe, and telomerase bound to the shelterin
subunit TPP1 have resolved how the enzyme is assembled, recruited, and activated [44,51]. TPP1
binds two elements of TERT: the TEN domain and the adjacent telomerase RAP motif, stabilizing this
interface and enabling efficient telomerase recruitment and activation [51,52]. Structural studies
showed that TPP1 and the TPP1-POT1 complex promote telomerase processivity by stabilizing the
telomeric DNA substrate and reducing its dissociation during synthesis. These studies also revealed a
new DNA-binding path involving the TEN and insertion-in-fingers domain (IFD) domains of TERT
[44,51,52]. These structures provide a basis for why telomerase activity is expected to be graded rather
than a simple on/off property: RAP is set continuously by the abundance and configuration of the
shelterin-associated recruitment factors that engage the enzyme at the telomere. Telomerase does not
necessarily extend every telomere in each division; when enzyme availability is limited, it acts sub-
saturatingly and with increasing preference for the shortest telomeres [53].

In most somatic cells, TERT is transcriptionally silenced, and its reactivation is the rate-limiting
step for TEL in cancer. The most frequent mechanism of hTERT reactivation in many cancer types is
recurrent somatic mutation of the TERT promoter, most commonly the —124 C>T (C228T) and —146
C>T (C250T) substitutions, which create de novo ETS transcription factor binding motifs and thereby
increase TERT transcription [54-56]. The GA-binding protein (GABP) tetramer selectively binds and
activates the mutant promoter, accompanied by an allele-specific epigenetic switch to active histone
marks and monoallelic TERT expression [54,57]. Across 53 cell lines spanning 16 cancer types and
six recurrent promoter mutations, the GABPBI1L tetramer was the universal activator of the mutant
promoter, yet it was replaceable: its depletion releases an auto-suppression network among GABP
subunits, and TERT expression is sustained by upregulated GABP dimers or a paralogous tetramer
[54,57]. This redundant, self-reinforcing architecture means promoter activity settles at a graded level
buffered against perturbation of individual GABP components, a finding with direct implications for
promoter-targeted therapy.
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Additional factors (MYC, NF-kB, STAT TFs; repression by CTCF, and by TRF2-bound G-
quadruplexes that recruit a REST/PRC2 repressor) further set the quantitative level of telomerase
rather than a binary state [55,58].

Taken together, the biogenesis, structural, transcriptional, and functional evidence indicate that
telomerase-dependent maintenance is a graded output, set by the amount of assembled holoenzyme,
its shelterin-mediated recruitment and processivity, and its transcriptional activity.

Alternative lengthening of telomeres (ALT)

Alternative lengthening of telomeres is a telomerase-independent mechanism that maintains
telomeres through homology-directed DNA synthesis, copying telomeric DNA from sister chromatids,
non-sister chromosomes, or extrachromosomal telomeric repeats [59].

Two processes have historically been invoked to explain telomere extension in ALT cells: unequal
telomeric sister-chromatid exchange (T-SCE), which redistributes existing telomeric DNA between
sisters, and homology-directed synthesis, which generates net new telomeric DNA [59]. Current
evidence indicates that net lengthening is driven principally by a specialized form of break-induced
replication (BIR), in which a resected 3’ overhang at a stressed or damaged telomere invades a
homologous telomeric template to form a displacement (D-) loop. This nucleates a migrating BIR
replisome built on PCNA, RFC, and the POLD3 subunit of DNA polymerase 6 (Pold), with
conservative inheritance of the newly synthesized strand (Figure 3) [60,61]. Elevated T-SCE is now
generally regarded as a hallmark of the recombinogenic ALT state rather than an independent
lengthening mechanism [59].

o Supportive condition Two break-induced-replication routes

ATRX/DAXX loss
Aberrant H3.3 chromatin
Replication stress
Telomeric R-loops

—
ALT-associated PML body (APB) RAD52-indep mszjg&/:

0 resected 3' end

Hallmarks
conservatiy®8IR synthesis (+TT°AGGG)

OGO ‘g e lenath heterogenelty
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Extrachromosomal telomeric repeats (ECTRs)

Elevated telomere sister-chromatid exchange

Circular single-stranded DNAs

Figure 3. Alternative lengthening of telomeres (ALT) mechanism and characteristic hallmarks.

Left: the sequence of events underlying recombination-mediated telomere synthesis, numbered 1 to 4. (1) Permissive
conditions listed in the box: loss of ATRX or DAXX, aberrant H3.3 chromatin, replication stress, and telomeric R-loops. (2)
Within an ALT-associated PML body (APB), shown as a phase-separated nuclear condensate (purple), a stressed or
damaged telomere is resected to expose a 3' single-stranded end. (3) The resected end invades a homologous telomeric
template to form a displacement (D-) loop. (4) A break-induced replication (BIR) replisome incorporating the POLD3
subunit of DNA polymerase 6 extends the invading strand, adding new TTAGGG repeats by conservative DNA synthesis.
Top right: the two genetically separable BIR routes described in the text, RAD52-independent and RAD52-dependent.
Bottom right: the molecular hallmarks used to recognize the ALT phenotype. Original figure created by the author.
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Post-2020 work has resolved ALT into at least two genetically separable BIR routes rather than a
single pathway. A RAD52-dependent route drives a substantial fraction of telomere synthesis, whereas
a RAD52-independent route, suppressed by RAD51 and MREL11, is associated with elevated C-circle
production. Both routes converge on the BLM helicase and the PCNA-RFC-Pold replisome [60,61].
Strand invasion itself can proceed through a RAD51-RAD51AP1-TERRA-R-loop-mediated D-loop
or through the RAD52-driven annealing pathway, and replication-fork processing factors such as
EXD2 help dictate which route is used [61,62]. The RAD52-independent route depends specifically
on the fork remodeler SMARCAL1 and the MUS81 nuclease [61].

Synthesis peaks in G2/M and can extend into mitosis as mitotic DNA synthesis (MiDAS) at
telomeres [63]. When telomeres remain under-replicated or persistently stressed at the onset of mitosis,
DNA synthesis can continue through MiIDAS, which in ALT cells frequently relies on RAD52-
dependent BIR to complete replication of telomeric DNA [63,64].

The most characteristic hallmark of ALT is the ALT-associated PML body (APB), a phase-
separated nuclear condensate enriched with telomeres, shelterin components, and DNA repair proteins.
Assembly of APBs is driven by SUMOylation of telomere-associated proteins together with SUMO-
SIM interactions, generating a microenvironment that facilitates recombination-dependent telomere
DNA synthesis, including BIR [65,66].

The chromatin determinant most frequently associated with ALT is loss of function of the
ATRX/DAXX complex, which deposits the histone variant H3.3 at telomeres and pericentromeric
heterochromatin and helps resolve G-quadruplex and R-loop structures. Its loss relieves a repressive
constraint on telomeric recombination [67,68].

ATRX loss is, however, neither necessary nor sufficient for ALT: many ATRX-deficient tumors are
not ALT-positive, and ALT can arise with ATRX intact, so ALT status is a quantitative, context-
dependent outcome rather than a deterministic consequence of a single mutation [69,70].

The ALT phenotype is recognized by a characteristic set of molecular hallmarks: abundant
extrachromosomal telomeric repeats, the partially single-stranded C-circles; APBs, in which telomeric
DNA, the recombination machinery, and PML co-localise; elevated telomeric sister-chromatid
exchange; and pronounced telomere-length heterogeneity, with telomeres ranging from very short to
very long [71-73].

Measuring telomere maintenance

The proposition that telomere maintenance exists along a graded rather than binary spectrum must
be considered in the context of the methodologies used to define TMM states.

Because the analytical framework determines how TMM activity is quantified and classified,
methods that impose binary calls by design may obscure underlying continuous variation, whereas
quantitative approaches can capture heterogeneity across the TMM landscape.

Threshold-based assays

The established assays are intrinsically designed to generate binary classifications. Telomerase
activity is assayed by the Telomeric Repeat Amplification Protocol (TRAP) against an activity cut-off
and complemented by length-based readouts such as terminal restriction fragment analysis (TRF),
gPCR, gFISH, and STELA [74]. By these assays, early surveys found the large majority of cancers are
telomerase-positive [75]. TRAP reports the presence of telomerase function but does not resolve
concurrent or partial engagement of alternative telomere maintenance processes [76]. ALT detection
commonly relies on identifying APBs by combined immunofluorescence for PML protein, telomeric
DNA FISH [77], and on the C-circle assay, a quantitative method that detects partially single-stranded
telomeric DNA circles bearing a continuous C-rich strand [78]. Telomere-length heterogeneity is
assessed by telomere-specific FISH or TRF [77], and elevated telomeric sister-chromatid exchange
can be scored by chromosome-orientation FISH [61].
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Threshold-based assays also differ in what they can resolve spatially, and this difference is
independent of their binary output. TRAP, the C-circle assay and TRF analysis are bulk readouts: they
report a tumor-level average and cannot distinguish a tumor in which every cell engages both
mechanisms from a tumor composed of two separate cell populations. APB immuno-FISH and
ATRX/DAXX immunohistochemistry are in situ readouts, and chromosome-orientation FISH resolves
individual metaphases, although it requires dividing cells and is therefore restricted to cultured
material. Each still scores the cell as positive or negative, however, and ATRX/DAXX status reports a
permissive genetic lesion rather than telomere maintenance activity itself, which, as noted above,
makes it an unreliable proxy in both directions [69].

Interpretation is further limited because no ALT readout is definitive on its own. APBs can
assemble in the absence of ongoing telomere synthesis, so their presence does not confirm active
elongation, and C-circle signal falls below detection in some tumors that sustain substantial ALT
activity [66,79].

All of these approaches dichotomise the output, so intermediate phenotypes are collapsed into a
positive or negative call and the underlying continuum is lost before analysis begins.

The consequences are apparent in cohorts where both activities are measured directly. In 412 newly
diagnosed gliomas, thresholds of relative telomerase activity > 2 and a C-circle signal above 30% of
the U20S positive control partitioned the cohort into four groups: 36.2% telomerase-positive and ALT-
negative, 15.5% ALT-positive and telomerase-negative, 9.5% positive for both, and 38.8% negative
for both [17]. The detection of both activities in 9.5% of tumors is inconsistent with a model of strict
mutual exclusivity, at the tumor level between TEL and ALT. Tumors negative for both activities
exhibited reduced expression of cell-cycle transcriptional programmes and were associated with
slower growth of patient-derived lines, suggesting a relatively low-proliferative state rather than
providing evidence for a distinct, uncharacterized telomere maintenance pathway [17]. However,
threshold-based classification cannot distinguish true absence of detectable maintenance activity from
activity below the assay's detection threshold.

Consequently, resolving the biological heterogeneity within this class requires assays that measure
telomere maintenance activity on a continuous rather than binary scale.

Quantitative and continuous approaches

Transcriptomic pathway-based approaches are the natural counterpart to threshold-based assays,
and they are what make a continuum measurable rather than merely postulated.

Scoring the activity of TEL-associated and ALT-associated pathways from expression data assigns
each sample a graded value for each mechanism instead of a label.

Three properties follow. First, the two mechanisms are scored independently, so a sample receives
a position in a two-dimensional space rather than a single class, and intermediate states are
representable. Second, the score can be computed for a single sample, which makes it applicable to
individual clinical specimens rather than only to cohorts. Third, the same computation extends to
single-cell expression data, where it can in principle report the relative contribution of the two
mechanisms within one tumor and distinguish per-cell co-engagement from an admixture of two
populations.

Pan-cancer scoring of ALT-associated activity across TCGA has been used to assign graded ALT
scores across tumor types [80]. Transcriptome-wide scoring of TEL-associated and ALT-associated
pathway activity across the same resource resolved the 33 cancer types examined into five TMM
activity phenotypes, including phenotypes with intermediate and with concurrent activity of both
pathways [81]. The pathway scores are continuous, whereas the phenotypes are categories assigned by
dividing the score space at two thresholds, identified by segmented regression, into low, middle and
high levels [81]. The ALT "% TEL 'Y phenotype corresponds to the “neither mechanism” class of the
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assay-based studies; within it, tumors retain graded scores for each pathway and can therefore be
compared and examined further.

The principal limitation is that these scores are inferred from transcriptional output rather than
measured as telomere elongation, and they therefore require anchoring against functional assays in the
same samples, which has so far been performed in a limited number of cohorts.

Sequencing-based classifiers form a third quantitative modality and read a continuous feature from
routine genome data. Telomere repeat composition differs between ALT-positive and ALT-negative
tumors, and classifiers trained on telomeric and variant-repeat content score ALT activity from whole-
genome sequencing [82]. Genomic telomere-maintenance footprints have been characterised in the
same way across more than 2,500 whole genomes [83], and more recent classifiers extend the approach
to sequencing data without matched germline material [84].

Quantitative in situ readouts are also emerging and are not captured by the bulk-versus-single-cell
distinction alone. Imaging of single-stranded telomeric DNA repeats has been used to quantify ALT-
associated activity at the level of individual nuclei [85].

Assays of this type are not yet in wide use, but they address the main gap in the current toolkit,
since the established single-cell methods are dichotomising and the established continuous methods
are either bulk or inferential.

Table 1. Approaches to determining telomere maintenance mechanism status.

Assay or approach Input material Resolution Output
ATRX/DAXX Tissue sections, FFPE Single cell, in situ Binary staining call
immunohistochemistry compatible
[86]

APB assay (PML Tissue sections or Single cell, in situ Percent positive nuclei,
immunofluorescence cultured cells thresholded by study-specific
with telomere FISH) criteria

[76,77]
CO-FISH for telomeric Metaphase spreads, Single cell Exchange events per metaphase,
sister-chromatid dividing cells required converted to a binary call
exchange
[76]
TRAP and quantitative Protein lysate, fresh or Bulk Continuous activity, read against
TRAP snap-frozen only an activity cut-off
[74,87]
C-circle assay Tumor DNA Bulk Continuous signal, read against a
[78] cut-off
Telomere length assays DNA, tissue sections, Bulk; single cell for Q- Mean length or relative T/S ratio;
(TRF, gPCR, Q-FISH) cultured cells FISH, in situ on sections no direct readout of mechanism
[74] or per metaphase
Telomere-composition | Whole-genome sequencing Bulk Continuous score, usually
classifiers thresholded for a call
[82,83]
Transcriptomic pathway | Bulk or single-cell RNA Bulk or single cell Continuous score for each
scoring sequencing mechanism; categorical
[81] phenotypes assigned by thresholds
on the scores
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No single method resolves mechanism, magnitude and cellular distribution simultaneously (Table
1). Among currently available approaches, transcriptomic scoring provides the most direct
representation of graded activity, although the biological calibration of the scores remains open.
Neither transcriptomic nor sequencing-based scores measure elongation directly, and both remain
anchored to the same threshold-based functional assays whose limitations motivated them. Studies that
pair a continuous score with a functional readout in the same specimens are therefore the main
requirement for establishing where along the score axis biologically meaningful maintenance begins.

Distribution of telomere maintenance mechanisms across cancer types

At the level of the overall tumor population, the traditional view held that approximately 85-90%
of human cancers maintain telomeres through TEL reactivation, whereas ALT is less common and
occurs predominantly in tumors of mesenchymal and neuroepithelial origin [88,89].

This distinction originates from the first study to identify TEL-independent telomere maintenance
in human tumors and tumor-derived cell lines. Telomeres with the length heterogeneity characteristic
of ALT were detected in a subset of these samples lacking measurable telomerase activity, establishing
that a minority of cancers can maintain telomeres through an alternative mechanism and raising the
possibility that telomerase inhibition would not be uniformly effective [11]. Subsequent prevalence
estimates have refined this initial distinction, but their reported frequencies remain dependent on the
biological definition and assay used to identify ALT.

Large-scale genomic surveys have substantially refined this picture. In an analysis of 6,835
samples spanning 31 cancer types, TERT expression was detected in approximately 73% of cancers
and was associated with promoter mutations, rearrangements, amplifications, fusions, and promoter
methylation [12]. A further 5% of tumors exhibited undetectable TERT expression together with ATRX
or DAXX alterations, elongated telomeres, and elevated TERRA levels, consistent with ALT [12]. The
remaining 22% lacked detectable TERT expression and showed no ATRX/DAXX alterations according
to the criteria applied [12]. This distribution, in which a substantial subset of tumors lacks detectable
markers of either telomere maintenance mechanism, indicates that the traditional binary classification
of TEL- versus ALT-dependent cancers oversimplifies the biological heterogeneity of telomere
maintenance.

This heterogeneity becomes even more apparent when telomere maintenance mechanisms are
examined across different cancer types. Telomerase activation predominates in most epithelial
malignancies, and the pan-cancer resources provide the firmest basis for that generalisation: TERT
expression is detected in the large majority of carcinomas, and carcinomas are correspondingly
depleted of ATRX/DAXX truncation and of the genomic telomere features that accompany it [12,83].
Individual series in lung, colorectal, breast and endometrial carcinoma are consistent with this pattern
[90-93].

A frequently cited range of 5-15% across cancers is a composite drawn from series that applied
different ALT criteria, including APB immunofluorescence, terminal restriction fragment
heterogeneity and the C-circle assay, and that are weighted towards the mesenchymal and
neuroepithelial lineages in which ALT is enriched [94]. The lower figure of 3.73% derives from a
single broad survey of 6,110 primary tumors across 94 cancer subtypes, in which ALT was assessed
in fixed tissue by combined telomere-specific FISH and PML immunofluorescence. ALT was
identified on the basis of the characteristic bright, heterogeneous telomeric foci, with PML
colocalization used to demonstrate ALT-associated promyelocytic bodies in representative cases. No
ALT-positive cases were detected among the benign neoplasms or normal tissue samples included in
the study [89]. The higher range aggregates permissive and heterogeneous criteria over a sample of
tumor types enriched for ALT, whereas the lower range applies one stringent in situ criterion uniformly
across an unselected series and behaves accordingly as a floor.
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Each estimate inherits the limitations of the assay behind it, set out above. In situ scoring on tissue
microarrays interrogates a small area of each tumor, so focal or regionally restricted ALT can be
missed; because ALT-positive and TEL-positive cells are distributed unevenly within tumors, a single
core need not represent the lesion. The C-circle assay is more sensitive but is a bulk measurement read
against a threshold, and C-circle signal falls below detection in a proportion of tumors that show other
evidence of ALT. APB detection reports the presence of the recombination-permissive compartment
rather than ongoing elongation. ATRX or DAXX status, used as a proxy in several genomic surveys, is
unreliable in both directions [69], so prevalence figures derived from mutation status alone are not
interchangeable with those derived from functional assays.

Among sarcomas, reported ALT frequencies in osteosarcoma differ between cohorts. In a series of
pediatric sarcomas assessed by the C-circle assay, 62 of 87 primary osteosarcomas (71%) were C-
circle-positive, whereas Ewing sarcoma is ALT-negative (0 of 94), and rhabdomyosarcoma is positive
only at low frequency (~3%) [95].

A larger C-circle-anchored series of 776 primary sarcomas spanning 57 subtypes detected C-circles
in only 22 subtypes and in 33% of osteosarcomas, with positivity concentrated in complex-karyotype
entities including uterine leiomyosarcoma (66%), soft-tissue leiomyosarcoma (64%), pleomorphic
liposarcoma (50%) and undifferentiated soft-tissue sarcoma (42%), while translocation-driven
subtypes were largely negative [96].

Intermediate or tissue-specific patterns are also observed: adrenocortical carcinoma, for instance,
shows telomerase as the predominant mechanism in 79% of cases, although a small subset of these
tumors exhibited ALT either alone or alongside TEL activity, whereas benign adenomas and normal
adrenal tissues showed no evidence of active TMMs [97].

The distribution of TMMs also varies with patient age. ALT-associated tumors are over-
represented among children and young adults, consistent with the age distribution of the mesenchymal
and neuroepithelial entities in which ALT predominates [89,98].

Taken together, these data indicate that TMM distribution is most accurately described at the level
of tumor type, molecular subtype, and patient age rather than as a single organism-wide split. Each of
these figures nonetheless assigns a whole tumor to a single class, which is a property of how the
measurements were made rather than of the tumors themselves.

Telomere maintenance as a continuum: Co-existence, mosaicism and switching

Early studies established that telomeres can be maintained in the absence of telomerase, first in
human cell lines immortalized in vitro [99] and subsequently in human tumors and tumor-derived cell
lines [11], showing that human cancers can rely on either mechanism.

Subsequent studies have shown, however, that co-existence can be defined at different biological
levels, including within individual cells [13—-15], among distinct cell populations within a tumor [16],
and across disease evolution in the same patient [17]. These levels of observation represent different
biological phenomena and require different experimental approaches.

The strongest evidence that TEL and ALT are intrinsically compatible derives from engineered
cellular systems. Ectopic expression of hTERT in the ALT-positive GM847 cell line generated cells
in which TEL activity co-existed with established ALT-associated features, including APBs and
marked telomere-length heterogeneity, over extended culture [13]. Similar findings were subsequently
reported in two additional ALT-positive cellular backgrounds following telomerase reconstitution
[14,15].

Evidence for intratumoral heterogeneity in telomere maintenance comes from studies examining
TEL and ALT at single-cell resolution. In 57 high-grade sarcomas, both TEL- and ALT-associated
phenotypes were detected within the same tumor in 45.6% of cases, yet the two phenotypes occurred
in distinct cellular populations, with no individual cell showing evidence of both mechanisms. Thus,
the apparent co-occurrence of TEL and ALT at the tumor level reflected cellular mosaicism rather than
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per-cell co-engagement of the two mechanisms [16]. The proportions of ALT- and TEL-positive cells
varied markedly among mixed tumors, ranging from approximately 1-47% ALT-positive cells and 2—
95% TEL-positive cells, such that tumors spanned a continuum from predominantly TEL-associated
to predominantly ALT-associated cellular compositions [16]. Thus, although both mechanisms could
coexist within the same tumor, their relative cellular representation varied substantially across tumors,
supporting a model in which TMM states are distributed along a continuum of tumor-level
compositions rather than restricted to discrete TEL or ALT categories.

The largest study to directly measure TEL and ALT activities in the same glioma samples further
illustrates the range of TMM states observed in human tumors. Because both the TRAP and C-circle
assays were performed on bulk material, the 9.5% of tumors positive for both activities cannot establish
whether TEL and ALT were engaged within the same cells or in distinct cell populations [17]. In 64
paired primary and recurrent tumors, the TMM group changed in 42.2% of cases, with transitions in
both directions rather than a consistent shift towards either mechanism [17], indicating that TMM
status is not a fixed property of the tumor but can change during progression. Considered together, the
cross-sectional spectrum and longitudinal changes support a model in which telomere maintenance
exists as a dynamic landscape of tumor states, shaped by the relative representation and activity of
different maintenance programmes over time, rather than as two permanently discrete alternatives.

In a mouse T-cell lymphoma model carrying an inducible telomerase reverse transcriptase allele,
withdrawal of telomerase from established tumors initially slowed tumor growth and reinstated
telomere-dysfunction checkpoints, whereas subsequent tumor outgrowth was associated with
acquisition of ALT [100]. This finding provides in vivo evidence that loss of telomerase dependence
can create selective pressure for the emergence of recombination-based telomere maintenance. That
anti-telomerase pressure can promote a shift towards ALT has since been discussed as a general
resistance mechanism, although the extent to which it operates in treated patients remains to be
established [101,102].

Furthermore, transcriptome-wide scoring of TEL- and ALT-associated pathway activity across 33
TCGA cancer types resolved tumors into five TMM phenotypes, including phenotypes with
intermediate activity and with concurrent activity of both pathways [81]. Transcriptomic scoring places
tumors continuously across a two-dimensional TEL-ALT space, which the assay-based cohorts above
cannot represent; the five phenotypes are categories derived from this space by thresholding.

In somatic cell hybrids formed by fusing ALT-positive cells with telomerase-positive immortal
cells, the hybrids were telomerase-positive, and the ALT telomere phenotype was repressed, indicating
that at least some TEL-positive immortal cells contain repressors of ALT [103].

State of the art in therapeutic targeting of telomere maintenance

TMM status has been associated with clinical characteristics and course in several tumor types,
although the direction and strength of association are context-specific [104—106]. ALT positivity has
been linked to distinct outcomes in neuroblastoma, where segmental ALT-associated alterations mark
a high-risk molecular subgroup, and to differing prognoses in sarcomas, gliomas, and pancreatic
neuroendocrine tumors in various series [94,107]. TERT promoter mutations have been reported as
markers of poorer outcome in some settings, including subsets of glioma and bladder cancer [108,109].

Therapeutic targeting of telomere maintenance has expanded from efforts to inhibit telomerase to
a broader range of approaches aimed at disrupting both TEL-dependent and ALT-dependent telomere
maintenance.

Current strategies fall into three groups: telomerase-directed strategies, ALT-directed strategies,
and broad DNA-damage-response strategies that may include an ALT-sensitised subset (Table 2).

Telomerase-directed strategies
Imetelstat (Rytelo), a 13-mer lipid-conjugated oligonucleotide that acts as a competitive antagonist
of the telomerase RNA (hTR) template, became the first telomerase inhibitor to receive regulatory
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approval when the US Food and Drug Administration authorized its use in June 2024 for transfusion-
dependent anemia in lower-risk myelodysplastic syndrome (MDS) [110,111]. The approval was based
on the randomised, placebo-controlled phase 3 IMerge trial, in which 39.8% of imetelstat-treated
patients achieved >8-week red-blood-cell transfusion independence versus 15.0% with placebo [111].
The principal drawback of imetelstat is on-target haematological toxicity, with grade 3—4 neutropenia
and thrombocytopenia reported in 72% and 65% of imetelstat-treated patients versus 7% and 8% in
the placebo arm of the IMerge trial [111].

Table 2. Therapeutic strategies targeting telomere maintenance.

Strategy / Agent Molecular Target Class Development Stage

Telomerase-directed strategies

Imetelstat (Rytelo)

Telomerase RNA (hTR)

Oligonucleotide

FDA-approved (June 2024):

[110,111] template telomerase inhibitor transfusion-dependent anemia in
lower-risk MDS

BIBR1532 Telomerase catalytic Small-molecule Preclinical

[112,113] subunit (hnTERT) telomerase inhibitor

6-thio-2'-deoxyguanosine

Telomerase (telomerase-

Telomere-disrupting

Early-phase clinical

regulator / DNA repair
vulnerability

[116] dependent telomere nucleoside analogue
synthesis)
G-quadruplex ligands Telomeric G-quadruplex | G-quadruplex-stabilising Preclinical
(telomestatin, RHPS4, structures small molecules
BRACO-19)
[118-120]
hTERT peptide vaccines hTERT (immunological) Therapeutic cancer Clinical
(GV1001, UV1) vaccine
[121,122] (immunotherapy)
AL T-directed strategies
FANCM (FANCM-RMI FANCM branchpoint ALT-selective DNA Preclinical
interaction) translocase / FANCM- repair
[123,124] RMI vulnerability/replication
stress regulator
SMARCAL1 SMARCAL1 fork ALT-associated DNA Preclinical
[125,126] remodeller replication stress

Broad

DNA-damage-response strategies with a possible ALT-sensitised subset

Camonsertib (RP-3500)
[127]

ATR kinase

ATR inhibitor

Early clinical development

Direct catalytic inhibition of telomerase activity by small molecules, exemplified by the non-

nucleoside telomerase inhibitor BIBR1532, has demonstrated on-target activity in preclinical models
[112,113]. However, despite effectively suppressing telomerase activity in vitro, BIBR1532 has not
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progressed to clinical application, largely due to poor pharmacokinetic properties that limit its
therapeutic potential [58,114,115].

Nucleoside analogues can instead induce acute telomere dysfunction. The 6-thio-2'-
deoxyguanosine (6-thio-dG; ateganosine) is selectively incorporated into telomeres in a telomerase-
dependent manner, triggering rapid telomere uncapping and DNA-damage responses [116]. It has
shown preclinical efficacy and is being explored in early-phase clinical studies, including in
combination with immune checkpoint blockade in non-small-cell lung cancer [117].

A structure-directed telomere-targeting strategy exploits the formation of G-quadruplex (G4)
secondary DNA structures, which arise in guanine-rich telomeric repeats and can hinder telomerase
access as well as replication fork progression. Small molecules that selectively stabilize these
structures can therefore interfere with telomere maintenance and genome replication dynamics [31].
Classical preclinical G-quadruplex ligands such as telomestatin, RHPS4, and BRACO-19 promote the
stabilization of telomeric G-quadruplexes, leading to telomere uncapping, activation of the DNA
damage response, and replication stress [118-120].

Finally, telomerase has also been exploited immunologically. The hTERT-derived peptide
vaccines GV1001 and UV1 induce hTERT-specific T-cell responses and have been evaluated alone
and in combination with immune checkpoint inhibitors, although definitive improvements in overall
survival have yet to be established in randomized trials [121,122]. In parallel, \TERT promoter-driven
gene and oncolytic viral therapies have advanced into early-phase clinical studies, whereas strategies
targeting the shelterin complex remain largely preclinical [128].

ALT-directed strategies

ALT lacks a catalytic enzyme analogous to telomerase and has therefore been targeted primarily
through synthetic-lethal approaches that exploit the elevated telomeric replication stress and DNA
repair dependencies characteristic of ALT-positive cells [129].

Disruption of the branchpoint translocase FANCM, or of the FANCM-RMI interaction, induces
replication stress and telomere dysfunction preferentially in ALT-positive models and has been
proposed as a context-dependent ALT-associated vulnerability [123,124]. Related replication fork
remodeling factors such as SMARCALL, particularly in ATRX-deficient glioma, have also been
implicated in replication-stress tolerance pathways that may intersect with ALT biology. However, no
small-molecule inhibitors targeting these factors have yet reached clinical application [125,126].

Ataxia telangiectasia and Rad3-related (ATR) kinase inhibition: a broad DNA damage response
strategy and potential vulnerability in ALT-positive tumors

Inhibition of the ataxia telangiectasia and Rad3-related (ATR) kinase is the most clinically
advanced replication-stress-directed strategy, but its dependency profile is not ALT-restricted. ATR
functions as a central regulator of the DNA damage response (DDR), sensing DNA damage and
replication stress and coordinating downstream signaling pathways that stabilize replication forks,
promote DNA repair, and maintain genome stability [130]. ALT positivity has been proposed as one
further sensitizing context, but the preclinical evidence is contested. Flynn et al. reported that ALT-
positive osteosarcoma lines and glioma stem cells are selectively hypersensitive to the ATR inhibitor
VE-821 [131]. A subsequent study using an extended panel of ALT- and TEL-positive lines did not
reproduce a general ALT-associated hypersensitivity, and observed no change in ATR inhibitor
sensitivity in isogenic cells in which ALT was suppressed by ATRX re-expression, attributing the
variation instead to cell-line differences unrelated to ALT [132].

The first-in-human phase | trial of the oral ATR inhibitor elimusertib (BAY 1895344) in patients
with advanced solid tumors produced partial responses in four patients, all of whose tumors had ataxia
telangiectasia mutated (ATM) protein loss and/or deleterious ATM mutations [133], and camonsertib
(RP-3500) has been evaluated in an early-phase trial selected on homologous recombination and DDR
gene status [127]. In neither case was telomere maintenance mechanism an eligibility criterion, so the
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observed responses cannot be attributed to ALT targeting. A 2025 case report described a confirmed
clinical and molecular response to camonsertib in a patient with ALT-positive metastatic melanoma,
presented as the first clinical instance of ATR inhibition in a molecularly confirmed ALT tumor [134],
but this remains a single observation. ATR inhibition is therefore best framed as a broad DDR-directed
strategy that may encompass an ALT- or ATRX-sensitized subset, rather than an ALT-directed therapy.
Establishing ALT status as a predictive biomarker would require prospective evaluation in ALT-
stratified cohorts.

The classification of tumors as TEL-positive or ALT-positive underpins not only mechanistic
description but also the therapeutic stratification outlined above, in which agents are matched to a
presumed dominant maintenance mechanism. Therapeutic approaches may benefit from incorporating
the continuum of telomere maintenance states. Binary marker-based classification may overlook
tumors with intermediate or mixed phenotypes, in which no single mechanism is exclusively dominant
or rate-limiting.

3. Discussion

Although TMMs are traditionally classified into two major categories, telomerase-dependent and
alternative lengthening of telomeres, emerging evidence suggests that telomere maintenance capacity
may encompass a broader spectrum of biological states. The two-mechanism classification of telomere
maintenance is best understood as a product of the assays that created it. The continuum model reflects
the heterogeneity observed within individual mechanisms, the variability of TMM-associated
molecular features across tumors, and the possibility that cancer cells may exhibit intermediate or
context-dependent telomere maintenance phenotypes.

The findings presented throughout this review argue against treating TMM status as a fixed,
mutually exclusive property of a tumor. Tumors may contain distinct TEL- and ALT-positive cell
populations [16], and TMM status can change during tumor progression [17]. At the same time, these
observations do not establish that both mechanisms are simultaneously active within individual tumor
cells.

The evidence reviewed here supports a layered framework for interpreting TMM status.
Mechanistic identity remains important because TEL and ALT represent biologically distinct routes to
telomere maintenance. However, the biological state of a tumor is not fully captured by assigning one
of these labels. Activity can vary in magnitude, cellular distribution, and stability over time, so the
meaning of a TMM classification depends on both the biological question and the resolution of the
measurement [16,17].

Several questions follow directly and remain unresolved. The first is whether individual tumor
cells that sustain both mechanisms exist in patient tumors at all, which will require assays that report
both mechanisms in the same cell rather than in the same specimen. The second concerns tumors scored
negative for both mechanisms, a group that current data cannot resolve into its likely constituents: cells
maintaining telomeres by a route not yet characterized, cells using a known route at a level below the
detection threshold of C-circle or TRAP assays, and cells dividing slowly enough that measurable
maintenance is not required over the interval sampled. These possibilities carry different biological
consequences and are presently indistinguishable. The third concerns the basis of switching.
Longitudinal change in assigned mechanism is consistent with clonal selection acting on pre-existing
heterogeneity, but also with genuine mechanistic conversion, and the contribution of intervening
therapy has not been isolated because recurrent samples are collected after treatment. A fourth question
arises from an apparent inconsistency in the literature. When ALT-positive cells are fused with normal
fibroblasts, the resulting hybrids lose the ALT telomere phenotype and senesce, yet immortal
segregants revert to it, indicating that normal cells contain dominant, trans-acting repressors of ALT
[103]. Fusion with telomerase-positive immortal cells likewise represses the ALT phenotype [103].
This finding contrasts with evidence that TEL activity and ALT can coexist within the same cell,
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raising the possibility that ALT repression is dependent on the cellular context and on the specific
complement of regulatory factors present in the hybrid. Resolving this would clarify whether stable
co-maintenance is a rare state or a suppressed one.

Functional assays are necessary when direct evidence of mechanism is required; spatial or single-
cell approaches are needed to resolve cellular distribution; and quantitative molecular or transcriptomic
measures can describe variation that is lost in binary calls. These approaches should therefore be
viewed as complementary rather than interchangeable. Future studies that combine orthogonal
measurements in the same specimens will be particularly important for determining how continuous
pathway-associated states relate to functional telomere maintenance.

The therapeutic relevance of this framework is similarly conditional. Variation in TMM state may
influence treatment response and may create opportunities for mechanism-informed intervention, but
the current evidence does not justify treating a continuum score or ALT classification as a stand-alone
clinical decision marker. Therapeutic approaches targeting telomere maintenance are currently
progressing at different stages of development including the telomerase inhibitor imetelstat [135],
whereas approaches targeting ALT-associated vulnerabilities remain largely under preclinical
investigation [124,125], and a continuous measure of ALT and TEL activity would allow eligibility to
be set against a defined threshold rather than a detection call. Mosaic tumors, which contain both cell
populations, are least well served by a single-mechanism assignment, since treatment directed at one
population leaves the other under no selective pressure.

The evidence increasingly supports viewing telomere maintenance as a dynamic and
heterogeneous property rather than a fixed categorical state. Its biological interpretation depends on
the extent to which each mechanism is engaged, the fraction of cells in which it operates, its spatial
distribution within the tumor, and its stability or evolution over time and under therapeutic pressure.
Accordingly, telomere maintenance is best considered a graded and mechanism-stratified property,
with measurement strategies selected according to the biological question and the resolution required.

4. Conclusions

Telomere maintenance in cancer is better described as a graded, context-dependent continuum than
as a binary choice between TEL and ALT. Both mechanisms are set quantitatively, TEL through the
abundance, recruitment, and processivity of its holoenzyme, and ALT through the convergence of
permissive chromatin and replication-stress-driven recombination. A single tumor may contain cell
populations using each, with the relative contribution shifting over time; whether an individual tumor
cell ever sustains both remains unresolved. What follows is a measurement requirement: quantitative,
mechanism-stratified assessment of both pathways, spanning bulk, single-cell, and functional readouts,
is needed to establish how stably a tumor occupies its position during evolution and treatment, and
whether that position predicts response to therapy directed at either mechanism.
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